ABSTRACT. FLUENT, a computational fluid dynamics program, was used to investigate flow movements in sprayer tanks
incompressible Newtonian fluids are solved by means of CFD momentum equations. Although numerical models have been successfully applied to solve many fluid dynamics problems, chemical process industries still question CFD because the complex physics of multiphase and viscoelastic flows and reactive chemistry makes these cases difficult to model (Shanley, 1996) .
Fluidized bed problems have been the major application area for multiphase flows modeling of solid-liquid mixtures. Harlow and Amsden (1975) described a numerical calculation technique for the solution of multiphase flows where several fields interpenetrated and interacted with each other. In their model, the two fields (solids and fluids) were coupled together through interchanges of mass, momentum, and energy, which were described by several exchange functions. Ding and Gidaspow (1990) derived a predictive two-phase flow model that was a generalization of the Navier-Stokes equations. Gidaspow et al. (1992) used kinetic theory methods to predict flow behavior and oscillations in a complete loop of a circulating fluidized bed. Syamlal et al. (1993) described a multiphase flow model with interphase exchanges to solve chemical reactions and heat transfer in dense or dilute fluid-solid flows. Wang et al. (1997) developed two-fluid turbulence models to describe turbulent gas-solid two-phase flows and derived governing equations as well as kinetic energy dissipation.
In this study, FLUENT (Fluent, Inc., Lebanon, N.H.) , a commercial CFD program, was used to predict flow fields and particle suspension/sedimentation in a sprayer tank with jet agitators. Comparisons were made for effect of agitation system design and operating parameters such as jet diameter, orientation, velocity, etc. This study was an extension of previous, experimental research on hydraulic agitation systems in agricultural sprayer tanks conducted in 1996 and H 1997 (Ucar et al., 2000) . In these studies, kaolin clay was used to simulate a dry pesticide in the mixing tests.
Currently, FLUENT utilizes two approaches for the numerical calculation of multiphase flows: the Euler-Lagrange approach and the Euler-Euler approach. Since the Lagrangian model in FLUENT cannot be applied to suspension and sedimentation of solid particles, the Euler-Euler approach with granular (fluid-solid) flow option must be used. In this approach, different phases (solid and fluid) are treated as interpenetrating continua where the sum of phasic volume fractions is equal to one. Conservation equations for each phase are solved by application of kinetic theory (Fluent, 1995) .
FLUENT uses the method described by Syamlal and Rogers (1993) , by default, for simulating multiphase granular modeling, with an option to choose the model introduced by Ding and Gidaspow (1990) and Gidaspow et al. (1992) .
Although commercial CFD software has achieved considerable progress in recent years, multiphase flows are still difficult to model (Myers et al., 1995; Tilton, 1997) . Most of the developments in this area have taken place in the nuclear industry, with comparatively little activity in other industrial sectors. That is probably due to the need for further improvement in the models, for example, calculation of the inter-phase drag at high particle loading (Lo et al., 1994) . Reasonable solutions, however, may be possible in certain cases, such as well-separated flows and flows in which a second phase appears as discrete particles of known size and shape so that particle motion may be approximated by drag coefficient formulations (Tilton, 1997) . Computational methods and commercial CFD packages, including FLUENT, have been used successfully to simulate two-and three-dimensional mixing tanks to study the effects of turbulence and cylindrical tank design on the flow field in mixing vessels (Perng and Murthy, 1992; Togatorop et al., 1994; Armenante and Chou, 1994; Decker and Sommerfeld, 1996) .
The first objective of this study was to use the CFD program FLUENT to simulate mixing in agricultural sprayer tanks that employ hydraulic agitation systems. Both single-phase (water velocity fields) and multiphase (movement of solid particles in the established velocity field) computational procedures will be used. The second objective was to compare single-phase computed water velocities within a sprayer tank with water velocities measured with a hot-film anemometer system over the wide range of flow conditions simulated with FLUENT.
DESCRIPTION OF THE MODEL AND SOLUTION PROCEDURES
FLUENT can model a wide range of physical phenomena, such as fluid flow, heat transfer, and chemical reaction, using conservation equations of mass, momentum, energy, and chemical species using a control volume based, finite difference method. Therefore, the governing equations need to be discretized on a curvilinear grid to enable computations in complex, irregular geometries. To investigate solids suspension and sedimentation in liquids, a submodel of the Eulerian multiphase model included in this software was used. This submodel is called Eulerian granular modeling, or the Euler-Euler approach.
THEORY OF EULERIAN GRANULAR MODEL SIMULATIONS
FLUENT solves a set of conservation of matter and momentum equations for single-phase solutions. When modeling multiphase flow, however, additional sets of conservation equations are needed. Not only these additional equations, but also the original set of equations needs to be modified by considering volume fractions of the phases. The development of these relationships is given in the Fluent User's Guide (Fluent, 1995) . Momentum conservation is expressed separately for both fluid (primary phase) and solid phases to calculate the concentration field in the simulation domain for each phase. In addition, two more quantities are taken into account during iterations. These quantities are represented by momentum exchange coefficients between fluid and solid phases as well as between individual solid particles to consider possible particle-particle collisions.
PREPROCESSOR, GEOMESH, FOR GEOMETRY AND GRID GENERATION
As indicated before, numerical simulation of fluid requires creation of discrete elements of volumes to be used in computations. Therefore, GeoMesh (ICEM Systems, GmbH, and Fluent, Inc.), a CAD program, was used as a geometry setup and grid generation preprocessor for simulations to run with FLUENT. Body-fitted grids require a domain topology in GeoMesh. This topology consists of interconnected mesh areas or volumes that are called faces in 2D or blocks in 3D, respectively. A domain is either a face containing a quadrilateral/triangular grid or a block containing a hexahedral grid. A topology is how the faces or blocks are connected together to produce a structured or unstructured grid.
Once a domain topology is completed in GeoMesh, the user then specifies the node distribution, sets boundary types, and interpolates the grid to be transferred to FLUENT's CFD solver in a grid file. All these tasks are accomplished with the help of a group of FLUENT-supplied system components that include: a session manager, data translators, a geometry modeler (DDN), a block modeler/grid generator (P-Cube), a grid visualizer (Leo), and a solver interface module.
SIMULATIONS FOR SIMPLIFYING THE GEOMETRY OF SIMULATED DOMAIN
To reduce the number of nodes to manageable levels, the effect of the eductor part of the jet agitator on the general flow field around the jet was investigated. The eductor is a plastic guide that extends about 10 cm from the jet outlet. It is shaped to create a Venturi effect, so that the water jet from the nozzle entrains a maximum amount of surrounding water and increases total water flow produced by the jet. A total of 12 simulations were conducted with and without eductors for comparison (three jet velocities and two orifice sizes in two groups of tests, with or without an eductor extension). Jets were simulated in 2D domain with a structured, body-fitted grid. In addition, velocity decay along the jet centerline was predicted to examine the influence of the eductor. These predicted values were then compared with the values obtained from previous researchers' findings and theoretical formulations.
Based on results from preliminary simulations, new grid files were generated with improved grid quality and less-complicated domain topology. A vertical portion of the tank that included only one jet nozzle was selected as the simulation domain. This new geometry modeled 1/8th of the whole tank for an 8-jet configuration or 1/4th of the tank for a 4-jet configuration, which resulted in a computation regime of 33,440 nodes ( fig. 1 ).
The two computers used to carry out the simulations were similar: about 166 MHz Pentium processor, 128 MB RAM, and Windows operating system. During multiphase computations, it was necessary to use a time step of only 0.0001 s to avoid divergence. Efforts to increase the time step by adjustments in the under-relaxation parameters, the number of sweeps using the Line-Gauss-Seidel solver for each equation, and different sweep and marching directions were not successful. Since there was no single dominant flow direction, an alternating sweep direction was found to be workable. Although the multigrid solution technique accelerated the single-phase solution, it did not improve the solution when the Eulerian granular model was enabled.
MATERIALS AND METHODS FOR VALIDATION EXPERIMENTS
Water velocity measurements were made with a constant-temperature hot-film (CTHF) anemometer in an elliptical, 1136 L sprayer tank. Details on the tank and agitation system are given in Ucar et al. (2000) . The anemometer control unit was a TSI model 1010 (St. Paul, Minn.), and sensors used were model 1210-20W (0.005 cm diameter).
For calibration, the sensors were mounted in the center of a plastic pipe with an I.D. of 2.06 cm. Flow through the pipe, measured with an electromagnetic flow meter (Model 38410-EM-05-1/2, Spraying Systems Co., Wheaton, Ill.), was used to calculate actual water velocity in the pipe, based on a turbulent flow regime. A standard non-linear, hot-film regression was calculated and used to convert hot-film output voltages to water velocity. The HF sensor was cleaned after each measurement (2 to 3 min) to reduce error due to contamination of the sensor film by impurities in the water. During calibration, it was found that the cleaning procedure returned the sensor to the original measuring condition.
Velocities were measured at nine points, 3 positions at each of 3 levels, in the sprayer tank, as shown in figure 2 . The x-and y-coordinate axes in the tank are also shown in figure 2. The CTHF sensor was mounted on a bracket attached to the tank fill hole, so each position could be reached by rotating the bracket and extending a support arm. All measurements were made in the plane of one of the agitation nozzles. The long axis of the hot-film sensor was aligned with the long axis of the sprayer tank. Thus, the sensor responded mainly to flow in the same plane as the main velocities produced by the agitation nozzle jet. Anemometer voltages were recorded each second for about 2 min. Voltages were converted to velocities using a calibration equation, and then 100 values were averaged to obtain the velocity at each location.
Velocities were measured for the agitating nozzle arrangements shown in table 1. Nozzle arrangements include 3 positions (angled down 30°, down 15°, and level) and 2 system pressures for each position. Each of these 6 treatments was made for 4-and 8-sequential agitation nozzles.
The procedure for measuring water velocity was to start the agitation system, allow it to run for about 30 min to develop steady-state circulation within the tank, and then measure velocities at 9 locations. The agitation system was not stopped during this series of measurements. After each series of measurements, the hot-film sensor was removed, calibration checked, and the sensor cleaned before being placed in the tank for the next set of measurements. All velocity measurements were repeated 3 times. Water veloc- ity values predicted by FLUENT were compared with the 95% confidence interval of measured velocities, based on Student's t distribution.
SELECTION OF MEASUREMENT POINTS IN FLUENT GRID
The location of the actual measurement points in the FLUENT grid system was found by using the x, y, and z coordinates given by FLUENT. However, positions on the top row were adjusted slightly by measuring the distance from the top surface of the water in the actual tank to the hot-film sensor. FLUENT velocities at positions the same distance from the top surface of the water boundary were used.
Several factors contributed to difficulty in locating an exact correspondence between tank measurement points and points within the FLUENT-simulated flow field. For ease of changing treatments, actual nozzles were partially supported by plastic tubing. This allowed the nozzles to move slightly when pressure was applied to the system. Slight movement in the jet angle should not affect water velocities in the entire tank, but it could have a significant effect on velocities measured near the jet axis, i.e., those at the bottom positions. In addition, the FLUENT model of the nozzle had very little
RESULTS AND DISCUSSIONS 2D SIMULATIONS FOR EFFECT OF EDUCTOR ON GENERAL FLOW FIELD
Using FLUENT simulation, configurations with the same jet velocities and orifice sizes produced similar flow fields both with and without eductors. This indicated that the eductor part of the jet did not affect the general flow field far from the jet. Therefore, the CAD representation of the agitation nozzle was simplified by omitting the eductor.
FLUID PHASE SIMULATIONS OF JET AGITATORS IN SPRAYER TANKS
Experiments by Ucar et al. (2000) showed that four factors were most influential in agitation system effectiveness. Observations of single-phase flow fields for the 35 agitation systems tested were computed using FLUENT. The following paragraphs are based on observations and analysis of these simulated flow fields.
Effect of Jet Angle
As the jet angle increased from 0º (horizontal) to 30º down from horizontal, fluid velocity in the area below the jets decreased by approximately 15-20% for a given jet initial velocity, indicating more susceptibility for kaolin clay to deposit in this area. When the jets were oriented horizontally, jet flow conformed well to the general flow field in the tank, transferring most of the jet energy into the fluid mass. As the jet angle increased, more jet energy was dissipated because the jet was striking the tank bottom within a relatively short distance. In addition, the jet flow crossed streamlines of the fluid mass at an angle. Observations during actual experiments with these jet angles confirmed that sedimentation on the tank bottom usually occurred at locations below and behind the jet agitators ( fig. 3) .
Effect of System Pressure (Jet Velocity)
Changing the initial jet velocity greatly affected the "magnitude" of velocities in the other locations of the tank, although it did not change the general flow pattern, i.e. flow directions and relative differences in fluid-flow throughout the tank. For example, fluid velocity below the jets near the tank bottom, which was the most critical location in the tank, increased by about 65% as the system pressure increased from 207 to 483 kPa.
Effect of Jet Spacing
Flow fields for wide (4 jets) and narrow (8 jets) spacing options at a cross-section were very similar. However, for the same jet velocity, orifice size, and jet configuration, smaller spacing provided a more uniform velocity field than larger spacing. Narrow jet spacing produced less velocity variation along one slice of the tank, and hence provided better agitation, because more fluid was being injected into the tank with more jet nozzles. 
Effect of Jet Orifice Diameter
Using a smaller or larger orifice did not make a difference in the general flow pattern, as was the case for pressure effect. However, a larger orifice greatly increased velocity magnitude in all locations within the tank slice since more fluid was delivered into the domain for the same initial jet velocity with a larger opening.
MULTIPHASE MODEL SIMULATIONS
After a careful investigation of CFD models in FLUENT as a possible tool to study tank mixing phenomenon, it became apparent that simulating sedimentation of solid particles in a liquid phase was not feasible with this technique. This was consistent with other researchers' findings.
Although FLUENT has been successfully used to implement a wide variety of flow models, multiphase flow models have several characteristics that require complicated methods and large computational times (Fluent, 1995) . Even though we minimized the number of nodes in the simulation domain, the final model was still too complicated for Eulerian multiphase solutions with turbulent characteristics of the flow. For comparison, a fully converged turbulent single-phase solution for the eight-jet configuration was obtained in 9 hours. However, when FLUENT's Eulerian granular model was activated using already-calculated single-phase flow field data, the model required about one month, running 24 hours a day, to obtain one second of information on water and clay particle movement in the simulated sprayer tank section.
The single-phase computations of the velocity and turbulence distribution in the tank provided valuable information about flow circulation patterns in a sprayer tank that should definitely help manufacturers design more efficient agitation systems.
ADDITIONAL CONSIDERATIONS
The simulated agitation system shown in figure 1 created a circulation on the vertical plane inside the tank (fig. 4) . As discussed above, if circulation speed was not adequate, some solid particles deposited on the tank bottom, just below the jets. That was probably because there wasn't sufficient vertical force on these particles to overcome gravity forces. A possible problem with this type of agitation might be similar to that of vertical mixing vessels. In vertical tanks, a center vortex can form, and the fluid then simply rotates around the vessel instead of mixing vertically. Baffles are placed on the wall inside the tank to prevent this horizontal rotation and to increase vertical movement of the fluid mass (Brodkey and Hershey, 1988) . However, in horizontal tanks, a vortex due to this circulation pattern would seem to be unlikely because both sides of the sprayer tank are closed. In addition, solid particles actually need this rotational movement to overcome gravity and move upward. It is very possible that particles start moving downward when they reach the top. Hence, the more-violent circulation would produce the more-uniform mixture in the tank. Of course, there must be a limit for this advantage depending on particle size, viscosity, and density.
RESULTS OF VALIDATION EXPERIMENTS
Comparisons among water velocities computed with FLUENT single-phase simulations and velocities measured with a CTHF anemometer are shown in tables 2 to 7. Results with horizontal nozzles are shown in tables 2 and 3, results with nozzles directed 15° down are shown in tables 4 and 5, and results with nozzles directed 30° down are shown in tables 6 and 7. Water velocity gradients varied greatly in the sprayer tank during agitation. The greatest gradients were near nozzle outlets and along the main jet from the nozzles. Other locations with fairly large gradients were near the walls of the tank and near the top surface. To match measurement positions as closely as possible with FLUENT positions, the distance from the water surface to the top row of measurement points was measured, and FLUENT velocities were chosen for locations the same distance below the water surface. Velocities were measured and computed when there was about 950 L of water in the tank. [b] 0.00 00 [a] V F = FLUENT velocity, V m = measured velocity. [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution. [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution. [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution.
Velocities at the bottom row of points were subject to large velocity gradients near the main jet of water from the nozzles. We measured a y-z profile of velocities at the x coordinate of position RB opposite the nozzle (see fig. 2 ) to locate the maximum velocity for treatment 12 (4 nozzles horizontal, 470 kPa, 3.2 mm orifice). The maximum velocity in the FLUENT grid system near position RB was also determined by inspection using the velocity tables. Then y-z coordinates equal to the measured maximum velocity offset were used to select the y and z grid points for obtaining water velocity from the FLUENT tables for all treatments at the bottom level. At the y-z plane near position RB, the measured maximum average velocities for 1 s and 1 min were 1.4 m/s and 0.8 m/s, respectively. Maximum velocity calculated with FLUENT on the same x plane was 0.93 m/s. Student's t-distribution was used to identify treatments in which the velocities calculated using FLUENT were within the 95% confidence interval of the measured velocity at each point. Only 33 of 144 predicted velocity treatments were within the 95% confidence limits, but 21 other treatments had [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution. [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution. [b] FLUENT velocities within the 95% confidence interval of measured velocities, based on Student's t-distribution. standard deviations less than 5% of mean velocities. The 95% confidence interval is narrow for small standard deviations.
The difference between measured water velocities and FLUENT predicted velocities at each point is shown is tables 2 to 7, both as an absolute value (m/s) and as a percentage of FLUENT values. Using percent error as a criterion, then 118 of 144 measured values are within ±50% of predicted velocities. Nineteen of the 26 values that differ by more than 50% occur at positions CB and RB, which are near the jet outlet, or at position CM in the center of the tank, where FLUENT velocities were always less than measured values.
Other consistent differences between measured and predicted velocities occurred along the top 3 positions, where FLUENT velocities were nearly always greater than measured velocities. These differences, along with those at the center position (CM), may be due to the corrugations in the tank sidewalls, which induced turbulence into the flow. Increased turbulence may have increased the flow near the center of the tank and decreased flow near the top of the tank.
Large differences in measured and expected flow were observed for the 4-nozzle, 15° down treatments in the bottom center of the tank (see tables 4 and 5). This position was only about 10 cm from the nozzle outlet, so the jet was quite narrow. Thus, an error in sampling position or alignment of the nozzle can lead to large velocity changes. In these cases, maximum velocities calculated by FLUENT were nearly equal to those measured, but they occurred about 3 cm from the measurement location.
These comparisons show that the velocity field predicted by FLUENT is a reasonable approximation to actual water flow in a sprayer tank.
CONCLUSIONS
1. Multiphase granular modeling of 3D simulations for tank agitation (33440 nodes), in a usable time frame, would require computational speeds about 5,000 times faster than the 166 MHz machine used in this study. 2. Single-phase simulations of hydraulic jet agitation systems provided useful information about mean velocity fields in mixing tanks. Observations of 35 flow field simulations of different agitation systems supported experimental agitation results reported by Ucar et al. (2000) . 3. Most measured water velocities (118 of 144) were within 50% of values computed using FLUENT for flow fields in a sprayer tank with hydraulic agitation. Predicted values were reasonable approximations for velocities measured with hot-film sensors at most positions in the tank.
